A mixture of [NBu 4 ][VO 3 ] and pyrazine-2-carboxylic acid (Hpca) in acetonitrile catalysed smoothly the reaction of alkanes RH (R = CH 3 or C 6 H 11 ) with molecular oxygen (from air) and hydrogen peroxide to give the corresponding alkyl hydroperoxide ROOH as the primary product. The use of methane as an alternative feedstock for valuable C 1 oxygenates is of great scientific and practical interest due to the considerable reserves of natural gas, although methane is the most inert organic compound.
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1, 2 Previously we have shown that methane and other saturated hydrocarbons are readily oxidised by molecular oxygen (in air) and hydrogen peroxide in the presence of a catalytic system composed of vanadate() and pyrazine-2-carboxylic acid; the reaction takes place either in acetonitrile 3 or in water 4 as solvent. If the reaction is performed under mild conditions (<50 ЊC) the corresponding alkyl hydroperoxides, formed as primary products, are obtained in good selectivities as major products. At higher temperatures the reaction gives mainly alcohols and ketones.
3,4
In order to elucidate the function of the catalyst mixture in this remarkable catalytic reaction we decided to study systematically (1) the variation of the co-catalyst and its influence on the catalytic activity, (2) the co-ordination chemistry of vanadate() with pyrazine-2-carboxylic acid and related cocatalysts, and (3) the reactivity of the vanadate() complex obtained towards hydrogen peroxide. In this paper we report the synthesis and X-ray crystallographic characterisation of the oxo complexes [VO 2 L 2 ]
Ϫ [HL = pyrazine-2-carboxylic acid (Hpna) or anthranilic acid (Hana)] and of the peroxo complex [VO(O 2 )(pca) 2 ]
Ϫ . Their implication in the catalytic process is also discussed.
Results and discussion
The oxidative functionalisation of alkanes with air and hydrogen peroxide is catalysed in acetonitrile by tetrabutylammonium vanadate in the presence of organic acids such as pyrazine-2-carboxylic acid. The primary oxidation products are the corresponding alkyl hydroperoxides which decompose to † Dedicated to Professor Klaus Bernauer on the occasion of his 65th birthday.
give a mixture of the alcohols and ketones. In the case of cyclohexane, cyclohexanol and cyclohexanone are obtained in addition to the intermediary cyclohexyl hydroperoxide, eqns.
(1) and (2) . For analytical reasons, the reaction mixture 
Variation of the co-catalyst
In order to understand the prerequisites of the co-catalyst in the catalytic reaction we studied the oxidation of cyclohexane under standard conditions with various compounds, mainly organic acids with N-and O-containing functions, as cocatalysts. The oxidation reaction was carried out in a thermostatted glass vessel. For the screening, the reaction temperature was chosen to be 40 ЊC, and the reactions were stopped after 24 h. The results are compiled in Table 1 , giving the concentration of cyclohexanol and cyclohexanone after reaction with PPh 3 (which transforms the cyclohexyl hydroperoxide quantitatively into cyclohexanol). The results clearly show that the best cocatalysts are pyrazine-2,3-dicarboxylic acid (Hpda), pyrazine-2-carboxylic acid (Hpca) and picolinic acid (Hpic), all of them being heteroaromatic and acidic. They have in common a sixmembered aromatic cycle containing at least one nitrogen ring atom and at least one carboxylato substituent in the α position with respect to the nitrogen atom.
Five-membered heterocycles containing two or three nitroPublished in Journal of the Chemical Society, Dalton Transactions : 3169 -3175, 1999 which should be used for any reference to this work gen ring atoms and one or two carboxylato substituents are less active. The ring size, however, is not a crucial factor, since anthranilic acid (Hana), a six-membered aromatic cycle containing a carboxylato and an amino substituent, is almost inactive. Some results seem to be contradictory and are not easy to explain: on the one hand, the most important feature of an active co-catalyst seems to be its acid function, since perchloric acid and acetic acid are weakly active (without having an aromatic function or a nitrogen atom); on the other hand, nitrogen-containing heteroaromatics such as 2,6-bis(pyrrolidin-2-yl)pyridine 6 also work as weak co-catalysts (without containing an acid function).
In order to understand the role of the co-catalyst in the vanadate-catalysed oxidation of alkanes, we decided to study the action on the vanadate anion of pyrazine-2-carboxylic acid, one of the best co-catalysts, and of anthranilic acid, which is almost inactive as a co-catalyst. This is based on the assumption that the co-catalyst co-ordinates to vanadium in some way in order to activate the vanadium center for the catalytic transformations.
Reaction of [NBu 4 ][VO 3 ] with pyrazine-2-carboxylic acid and with anthranilic acid
Tetrabutylammonium vanadate reacts in refluxing acetonitrile with the pyrazine-2-carboxylic acid or with anthranilic acid to Ϫ 2, respectively, eqns. (3) and (4) . The anions 1 and
2 can be isolated as tetrabutylammonium salts in the form of air-stable, yellow (1) or violet (2) crystals. In the infrared spectra two characteristic absorptions at 862 and 873 cm Ϫ1 (1) and 825 and 875 cm Ϫ1 (2) are assigned to the symmetric and the antisymmetric stretches of the cis-VO 2 moiety. 7 A strong absorption at 1668 (1) and 1623 cm Ϫ1 (2) is attributed to the asymmetric vibration of the carboxylato function of the ligand. In the 1 H NMR spectra of both compounds the expected four signals of the tetrabutylammonium cation are observed in the aliphatic region as well as the expected signals of the ligands in the aromatic region: three for the pca units in 1 and four for the ana units in 2. The integral ratio of the methyl triplet of the cation at δ 0.94 (in both cases) and of the most deshielded ligand signal assigned to the α-proton with respect to the carboxylato function (1: δ 9.20, d. 2: δ 7.87, dd) being 6 : 11 approximately, is in accordance with the 1 : 1 cation : anion stoichiometry. The
51
V NMR spectra show only one signal for both complexes: at δ Ϫ525 for 1 and Ϫ503 for 2 (with respect to VOCl 3 , in d 6 -acetone). This is in accordance with other cis-dioxovanadate complexes, where the vanadium resonances have been found between δ Ϫ500 and Ϫ560. 2 ] have been obtained by crystallisation from a mixture of dichloromethane and cyclohexane. In both cases the anionic vanadium complex is found to have an octahedral co-ordination geometry with the two terminal oxo ligands in the cis positions. The O᎐ ᎐ V᎐ ᎐ O angle is 106.5(6)Њ in complex 1 and 105.99(7)Њ in 2, the vanadium-oxygen distances are 1.620(1) and 1.634(1) Å in 1, and 1.631(1) and 1.613(1) Å in 2, being in line with those found for V᎐ ᎐ O bonds in other vanadate comlexes.
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In complex 1 ( Table 2 Selected bond lengths (Å) and angles (Њ) for anion 1 
97.12(6) 150.81 (5) 88.48(6) 164.07 (6) 83 Table 3 Selected bond lengths (Å) and angles (Њ) for anion 2
1.6132 (14) 1.6312 (13) 1.9868 (14) 1.9987 (14) 2.3079 (13) 2.3476 (15) 105.99 (7) 97.93(7) 103.80 (6) 104.04 (7) O (6)
100.46 (6) 141.11 (6) 93.96(6) 155.49 (6) 86.99 (5) 60.12(5) 155.85 (7) 89.51(6) 59.75 (5) 90.82 (5) 76.87 (5) the ligands are co-ordinated. 16 The are very small and considerably distort the octahedral geometry of the complex, being due to the four-membered metallacyclic system formed by the chelating ligand (Table 3) .
The presence of a non-co-ordinated NH 2 group in the ana ligands of complex 2 is responsible for the formation of hydrogen bonds within and between the [VO 2 (ana
Symmetry operations: a Ϫx ϩ 1, Ϫy ϩ 1, Ϫz ϩ 2; b Ϫx ϩ 1, y ϩ ¹2, Ϫz ϩ ³2). Hydrogen bonding involving the tetrabutylammonium cation has not been observed (Fig. 3) .
The different co-ordination mode of the ligands (N,O for pca and O,O for ana) may explain the different activity of the acids Hpca and Hana as co-catalysts in the oxidative functionalisation of alkanes catalysed by the vanadate anion.
As expected, complex 1 is catalytically active, whereas 2 is almost inactive in this reaction. For the catalytic oxidation of cyclohexane under the same conditions, almost the same selectivity and activity is obtained for the systems (Fig. 4) revealed the presence of two water molecules of crystallisation per molecule of complex. As found for complex 1, the vanadium atom is at the center of an irregular octahedron, and both pca ligands are N,O co-ordinated. Surprisingly, the orientation of the two N,O-pca ligands in 3b is different from that in 1 and also from that found for 3a in the double salt This co-ordination generates an equatorial plane containing all of the oxygen atoms, the oxygen atoms from the oxo and the peroxo group being cis to each other. Selected bond distances and angles are included in Table 5 .
The O-V-O angle of the peroxo group is 44.18(6)Њ, in accordance with the complexes
2Ϫ (H 4 tart = -tartaric acid), 21 for which this angle was found to be 45.06 (8) (Fig. 4) .
The presence of an ammonium cation and two water molecules per unit of anion 3b generates hydrogen bonds. The interactions between anion 3b and the ammonium cation result in hydrogen bonds N (5) (Fig. 5) .
The different arrangement of the two pca ligands in the
Ϫ 3 is probably due to the different solvents used: in acetonitrile the two pca ligands co-ordinate to vanadium as N,O-chelates with the two nitrogen atoms cis to each other, which gives rise to the formation of isomer 3a upon reaction with hydrogen peroxide. In aqueous solution the two pca ligands undergo N,O co-ordination with the two nitrogen atoms trans to each other, resulting in isomer 3b, upon reaction with H 2 O 2 .
A catalytic test using anion 3b as a catalyst for the oxidation Table 5 Selected bond lengths (Å) and angles (Њ) for anion 3b 
163.65 (6) 85 Table 4 ). This observation suggests the peroxo complex [VO(O 2 )(pca) 2 ] Ϫ 3 to be a member of the catalytic cycle of the alkane oxidation catalysed by the system tetrabutylammonium metavanadate and pyrazine-2-carboxylic acid.
Experimental
All the reactions were carried out in air. Acetonitrile (Fluka) was distilled over CaH 2 ; all other solvents were distilled over appropriate drying agents prior to use. Tetrabutylammonium vanadate was prepared according to the literature method. 22 All organic acids (Fluka) were used without purification. Hydrogen peroxide 30% in water (Fluka) was stored in a refrigerator (maximum 4 ЊC) after each use. Nuclear magnetic resonance spectra were recorded using a Varian Gemini 200 BB instrument or a Bruker AMX 400 spectrometer with TMS for 1 H and VOCl 3 for 51 V as external references, infrared spectra with a Perkin-Elmer 1720x FT-IR spectrometer and mass spectra (electrospray) using a LCQ Finnigan instrument. Microanalyses were carried out by the Mikroelementaranalytisches Laboratorium of the ETH Zürich, Switzerland. Gas chromatographic analyses were recorded with a Dani 86.10 Doppler instrument (with CH 3 NO 2 as internal reference) using a capillary Cp-wax 52-CB (25 m × 0.32 mm) column from Chrompack, and a Chrom Jet integrator (SpectraPhysics). [NH 4 ][VO(O 2 )(pca) 2 ]. The compound NH 4 VO 3 (100 mg, 0.855 mmol) was dissolved in 20 ml of water and pyrazine-2-carboxylic acid (212 mg, 1.7 mmol) in 20 ml of water. The solutions were mixed, and 30% H 2 O 2 (87 µl, 0.9 mmol) was added. The resulting solution was stirred at room temperature for 1 h. Slow evaporation of the solvent at room temperature to ca. ] (500 mg, 0.875 mmol) was dissolved in 5 ml of CH 3 CN and, after complete dissolution, 30% H 2 O 2 (90 µl, 0.88 mmol) added. The solution was stirred at 0 ЊC during 4 h. After filtration of the red solution, evaporation of the solvent gave a red powder, which was dissolved in the minimum amount of acetone. Addition of the same volume of diethyl ether led, after a few days at room temperature, to crystallisation of light red crystals. Yield 56%.
Preparations

Catalytic runs
In a typical experiment the oxidation of cyclohexane was carried out in thermostatted cylindrical glass vessels equipped with reflux condensers, with vigorous stirring in air. The reagents (catalyst, co-catalyst and CH 3 NO 2 as internal standard) were dissolved separately in acetonitrile and added to cyclohexane. After addition of H 2 O 2 (30% aqueous solution), the reaction solution (total volume 10 cm
3
) was stirred at 40 ЊC during 24 h. The reaction was monitored by withdrawing aliquots (0.5 cm 3 ) and, after addition of triphenylphosphine to saturation, the samples were analysed by GLC.
Crystallography
Single crystals of the tetrabutylammonium salts of complexes 1 (yellow) and 2 (violet) were obtained by slow diffusion of cyclohexane into their dichloromethane solutions. Single crystals of the ammonium salt of 3 (3b) were obtained by slow diffusion of ethanol into an aqueous solution containing [NH 4 ][VO(O 2 )(pca) 2 ] at Ϫ18 ЊC.
Data collection, solution and structure refinement. Single crystals of the compounds 1, 2 and 3 were measured on a Stoe Imaging Plate Diffractometer System at Ϫ50 ЊC. Crystallographic details are given in Table 6 .
The structures were solved by direct methods using the program SHELXS 97 23 and refined by full-matrix least squares on F 2 with SHELXL 97. 24 The positions of the hydrogen atoms in the amino groups in anion 2 and those of the ammonium cation and the two water molecules in anion 3b were derived using Fourier difference maps and refined isotopically. The remaining hydrogen atoms in all the complexes were included in calculated positions and treated as riding atoms using SHELXL 97 default parameters. In anion 2 a partial disorder was found in the tetrabutylammonium cation. The molecules in the complex are connected by hydrogen bonds involving the amino groups of the organic ligand and the oxygen atoms O(2), O(4) and O(5), so forming an extended hydrogen bonded network. The crystal containing the anion 3b crystallises with two water molecules per molecule of complex. The figures were drawn with PLATON/PLUTON.
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CCDC reference number 186/1595. See http://www.rsc.org/suppdata/dt/1999/3169/ for crystallographic files in .cif format.
